The pseudophakic eye lacks the ability to produce a refractive change in response to object proximity. Thus, individual anatomical features such as the pupil size play an important role in achieving functional vision levels. In this work, the range of pupil sizes at varying object distance was measured in pseudophakic participants. Furthermore, the impact of the measured values on eye optical quality was investigated using a computer simulation model. A binocular eye-tracker was used to measure the participants' pupil sizes at six object distances, ranging from 0.33 m (i.e., vergence of 3.00 D) to 3.00 m (i.e., vergence of 0.33 D), while observing a Maltese cross with a constant angular size of 1 • . In total, 58 pseudophakic participants were enrolled in this study (age mean ± standard deviation: 70.5 ± 11.3 years). The effects of object distance and age on pupil size variation were investigated using linear mixed effects regression models. Age was found to have a small contribution to individual variability. The mean infinite distance pupil size (intercept) was 4.45 (95% CI: 2.74, 6.17) mm and the mean proximal miosis (slope) was −0.23 (95% CI: −0.53, 0.08) mm/D. The visual acuity (VA) estimation for a distant object ranged from −0.1 logMAR (smallest pupil) to 0.04 logMAR (largest pupil) and the near VA (0.33 m) when mean proximal miosis was considered ranged from 0.28 logMAR (smallest pupil) to 0.42 logMAR (largest pupil). When mean distance pupil was considered, proximal miosis individual variability produced a variation of 0.04 logMAR for the near object and negligible variation for the distant object. These results support the importance of distance pupil size measurement for the prediction of visual performance in pseudophakia, while suggesting that proximal miosis has a negligible impact in VA variability.
Introduction
The presence of a near object causes the eyes to converge, increases the dioptric power by means of changes in the crystalline lens radius of curvature and decreases the pupil size through proximal miosis [1] . With the implantation of an intraocular lens (IOL), the pseudophakic eye is still capable of eliciting this accommodative mechanism, as documented by a reduction in the ciliary muscle ring [2] , the ability to converge, and the presence of pupil miosis. The compression induced by the ciliary muscle ring on the IOL haptics produces neither a constant displacement of the IOL [3, 4] nor a significant movement able to generate a functional refractive change [5, 6] . Therefore, the pseudophakic eye implanted with a monofocal IOL is unable to increase its dioptric power in order to focus near objects.
Despite this fact, there is clinical evidence that a percentage of pseudophakic eyes can attain functional levels of near vision [7] . This ability, named pseudoaccommodation, describes the dioptric interval in which an object can be observed under a certain level of defocus [8] . Several anatomical and optical features were associated with increased pseudoaccommodation, such as pupil diameter [9] , anterior chamber depth [10] , age [11] , post-operative astigmatism [12] , cornea [13] and ocular higher order aberrations [14] , and corneal multifocality [15] . Recently, it has been shown that pupil diameter was the main predictor for increased pseudoaccommodation [16] and near visual acuity, as well as reading performance [17] . These findings corroborate the theoretical role of pupil diameter in determining the retinal blur area and, consequently, the depth-of-field [18] .
Pupil diameter is highly variable among the population, with the variability being associated with several intraindividual features (see [19] , for a brief review). For instance, in a phakic population aged above 60 years old, i.e., age-matched with normal pseudophakic population, distance pupil size may span the 2.0-7.0 mm interval, showing some narrowing for higher illumination levels [20] . Using optical modeling, a near emmetropic pseudophakic eye with a monofocal LIO decreased its optical quality by nearly 40% with a variation in pupil size from 2.0 to 5.0 mm [21] . This effect may be stronger in the presence of defocus due to the lack of refractive change when a near stimulus is applied.
Studies assessing the effect of pupil size in pseudophakic visual performance tend to use a single measure of the pupil size performed monocularly with a pupillometer [22] . There are some important limitations in this approach with respect to visual assessment conditions since it accounts for neither binocularity nor object distance [23, 24] . Recently, Almutairi et al. [24] reported an average pupil decrease of 0.24 mm/D of stimulus vergence, in different age groups, including full presbyopes. This finding contrasts with a previous study reporting no systematic variation in proximal miosis in a similar population when measured in monocular viewing conditions, adding evidence to the importance of convergence as a driver for proximal pupil miosis. Adding this fact to the smaller pupil size observed under monocular viewing conditions compared to the most common binocular conditions [25] , suggests that pupil size should be assessed under more natural conditions [26] . Furthermore, to our knowledge, there is no available formula, in the literature, describing the pupil diameter behavior of pseudophakic eyes for a range of object distances, as previously described for phakic subjects [27, 28] .
In this study, the pupil size of pseudophakic participants under binocular vision was measured at various object distances. The measured pupil sizes were used to generate two models to describe the pupil diameter variation with object distance. A simple model using object vergence to model pupil size [29] is compared to a more elaborated model including age as a variable. The model was further applied in an optical model to estimate the magnitude of the effect of intraindividual variations, individual pupil size and pupil proximal miosis, on Visual Acuity (VA).
Materials and Methods

Participants
Patients attending a routine eye exam in the Ophthalmology Clinic Vista Sanchez Trancon (Badajoz, Spain) were selected for the study. All participants had implanted bilaterally a monofocal spherical intraocular lens (RayOne Spheric, Rayner Intraocular Lenses Limited, West Sussex, UK) by the same surgeon. The exclusion criteria were as follows: eventful cataract surgery, presence of ocular media or retinal anomalies, abnormal pupil shape, unresponsive pupil to light reflex and post-operative refractive error expressed in spherical equivalent higher than ±1.00 DS. Subjective refraction had as starting point the objective refraction (Topcon KR-8900, Topcon Corporation, Tokyo, Japan); the cylinder component was refined using the Jackson-Cross Cylinder technique and the spherical component using ±0.25 DS lenses. All participants gave their written informed consent to take part in the study. The research had the ethical approval from the University of Beira Interior Faculty of Health Sciences Ethics Committee.
Pupil Size Measurement
The participants pupils' diameters were recorded using a binocular eye-tracker (Arrington Research, Scottsdale, AZ, USA, sampling rate 220 Hz) controlled by a custom algorithm written in MATLAB R (R2016b, MathWorks, MA, USA). The participants looked at a white circle (with angular size of 5.5 • and luminance of 65.3 cd m −2 ) displayed on an LCD monitor (LG model 23MP65HQ), with a Maltese cross (angular size: 1.0 • ) on its center used as a fixation point. The object distances tested, given by the monitor position, were 3.0, 1.0, 0.66, 0.50, 0.40 and 0.33 m. The stimulus angular size was kept constant for the given distances. The amount of light reaching the corneal plane was 0.45 lux (luxmeter Minolta, model T-10A, Konica Minolta, Europe) and was also kept constant for the different object positions. The pupil diameters were measured from the furthest (3.0 m) to the closest (0.33 m) object position. The participants sat in a dark room with the head on a headrest. Initially, the participants had 2 m of light adaptation period staring at the white circle positioned at 3.0 m, and then, for each object position, there was a 5 s light adaptation period followed by 10 s of pupil diameter measurement. Prior to the measurements, each participant was instructed to focus the Maltese cross and blink normally. For each object position, the pupil diameter was calculated by removing the blinks from the sampled data, using a Hampel filter, followed by averaging of the sampled data. An example of pupil size acquisition during 15 s (5 s light adaptation plus 10 s test) is presented in Figure 1 , where both the raw data and the processed data for blink removal are displayed. 
Pupil Size Statistical Modeling
The pupil diameter as a function of object position reciprocal, defined as object vergence, was modeled by fitting nonlinear mixed-effects models [30] . Since data taken at each observation distance can be regarded as a repeated measure for each participant, correlations between measurements must be considered in the regression model. Mixed-effects models recognize correlations within sample subgroups and provide a more robust alternative to fitting data separately to each patient, by expressing each model parameters as a sum of a fixed effect and a random effect. Estimating the fixed effects gives a description of the global sample, while estimating the random effects gives a description of specific groups, in this case individual participants, within the data.
In this work, several mixed effect models were investigated, which included different combinations of fixed effects, namely the slope and intercept with respect to object vergence, the slope and intercept with respect to age and a term that accounts for age-vergence interaction. The tested random effects structure included the slope and intercept with respect to object vergence.
The selected model includes the response variable given by the pupil size y ij , for the ith participant at the jth object vergence, with the following mathematical expression:
where x ij is the value of the predictor variable (object vergence), a i is the individual age, φ i is the parameter vector that governs the response of the ith participant to the predictor variable, and ε ij is the measurement error modeled by a normally distributed random variable with zero mean. The number of participants is represented by N, the number of object positions is given by M, and function f specifies the shape of the model. The parameter vector φ i accounts for between-participant variation and can be expressed as:
where β is the vector of fixed effects parameters, b i is the vector of random effects associated with the ith participant, D is the variance-covariance matrix for the random effects, and A i and B i are the design matrices for the fixed and random effects, respectively. Starting with the investigation of the best response curve, both linear and nonlinear (sigmoidal) shapes were tested using the nonlinear mixed-effects model, since it is the most general approach. For the range of tested object vergences, the linear model yielded the best results. In this case, the linear model is given by:
where the non-zero β and the b i coefficients are explicitly presented, according to the respective design matrices. The process of mixed-effects model construction and the application of selection criteria for model performance evaluation and significant effects selection follow the methodology described in [31] . The selection of the significant random effects was based on both the Akaike Information Criterion (AIC) [32] and the Bayesian Information Criterion (BIC) [33] . The method of maximum likelihood was used to estimate the fixed effects, while best linear unbiased predictor (BLUP) was used to predict the random effects. The performance of the model was evaluated using Bias, root mean square error (RMSE) and coefficient of determination R 2 . These statistical parameters are defined as follows:
whereŷ ij is the predicted value for the ith participant at the jth object vergence, andȳ j is the mean of theȳ j across the participants. The regression model was implemented in MATLAB R (R2016b) using the function nlmefit from the Statistics and Machine Learning Toolbox, with the option LME (method of maximum likelihood). The fitting routine also provides an estimate of the variance-covariance matrix D.
Optical Performance Modeling
The effect of pupil size on visual performance can be, at least in part, theoretically modeled through the relation between its magnitude and the size of the blur area produced in the retina or other image quality metrics. The latter parameter also depends on the paraxial properties and the aberrations of the eye. These can be modeled using a schematic eye model and numerical simulation. Herein, a pseudophakic schematic eye, adapted from the well-known Liou and Brennan (LBME) model [34] , was used to predict the visual quality dependence on pupil size. The ray tracing calculations were performed with OSLO Premium 7.0 (Lambda Research Corp., Littleton, MA, USA) optical design software. This model was chosen based on its anatomical, biometric and optical accuracy. Furthermore, several pseudophakic versions of this model have been extensively tested in previous studies regarding IOL optical performance [35] . The LBME comprises four aspheric refractive surfaces, a gradient index lens and an iris pupil with a decentration of 0.50 mm to the nasal side. The pseudophakic version of the LBME used in this study includes a typical monofocal intraocular lens with a spherical design: the MC5812AS lens (Dr. Schmidt Intraocularlinsen GmbH, St. Augustin, Germany) [35] , made of hydrophilic acrylic with a refractive index of 1.461 and a central thickness of 1.057 mm. The IOL has a biconvex configuration with spherical surfaces curvature radius given by 13 mm and −10 mm for the anterior and posterior sides, respectively. Axial placement of the IOL is given by the anterior chamber depth (ACD) value in milimeters:
where A = 118.6 is the constant, used in the SRK/T formula, yielding an ACD value of 5.35 mm.
The pupil was decentered with respect to the optical axis of the eye by −0.5 mm to the nasal side and the Stiles-Crawford effect was implemented by means of a Gaussian profile at the entrance pupil. A prescription of the pseudophakic LBME is summarized in Table 1 . The visual quality simulations were conducted for the same object distances as the ones used in the pupil measurement experiment. The initial rest state was set to infinity in the computer eye model to simulate distant vision as the paraxial case. Thus, it was considered that the best distant correction was obtained under this approximation. According to this rationale, the optical performance of the model eye was optimized for a distant target. This was done by maximizing the modulation transfer function based visual Strehl ratio (VSMTF) with respect to the vitreous length, since, according to Thibos et al. [36] , this image plane metrics is well correlated with the best subjective VA.
where CSF N is the neural contrast sensitivity function [37] , the subscript DL stands for diffraction limited, and the MTF through frequency curves were obtained from the arithmetic mean of the respective sagittal and tangential sections measured on-axis. To investigate the optical performance predicted by the eye model, the area under the modulation transfer function (aMTF), for spatial frequencies up 50 cycles/mm, was computed according to:
This metric has a high correlation with the clinical through-focus VA measured in pseudophakic patients, as has been shown in recent study [38] using an optical bench eye model. Using the results from this work, the aMTF values can be converted into VA values (logMAR) using the following linear regression equation:
The computation of the VSMTF and the aMTF metrics for each object distance and corresponding pupil size was performed in MATLAB R (R2016b). Before performing the through focus computation of the VSMTF and the aMTF values, it was necessary to optimize the eye model, using the ray tracing software implementation of the LBME, to resemble a distance corrected pseudophakic eye. First, the object was set to the distant position (infinity) and the pupil size was selected as the mean far distance pupil obtained from the experimental measurements. After retrieving the set of Zernike coefficients, using the Zernike Analysis of Wavefront feature of OSLO Premium, and convert it to the OSA standard version [39] , the MTF f x , f y and MTF DL f x , f y functions were generated for a set of defocus values. Then, using Equation (8), the VSMTF values were computed from these functions. The defocus value that maximizes the VSMTF was retrieved and the corresponding vitreous length was computed.
Finally, the aMTF curves were used to generate depth of focus estimates. The estimated depth of focus (DOF) is the range of object vergences (in diopters) over which the estimated VA is 0.2 logMAR or better [40] . Other studies have investigated the effect of pupil miosis on depth of focus of presbyopic or pseudophakic eyes using the optical transfer function based visual Strehl ratio (VSOTF) [41] . However, they used a different simulation methodology, based on typical zernike aberrations and through focus analysis [42] , followed by a criterion based on the peak of the VSOTF to compute the DOF.
Results
The study comprised 116 eyes of 58 participants with mean age 70.5 ± 11.3 years (range: 43-90 years). The comparison between the right and the left eyes, using two-way repeated measures ANOVA, showed no statistical difference between the right eye (RE) and the left eye (LE) (F (1.58) = 1.929, p = 0.170). Moreover, no significant interaction between eye and object position was found (F (5.290) = 0.285, p = 0.921), indicating that the two eyes had similar pupil sizes, and both reacted equally to the object position. Therefore, only the pupil size from the RE was used for analysis. The mean subjective spherical equivalent for the RE was −0.15 ± 0.29 D. Furthermore, no association was found between maximum pupil size and mean subjective spherical equivalent (Pearson: R = 0.0005, p = 0.98), as can be inferred from Figure 2 . 
Pupillary near Response
The mean and standard deviation (SD) of the individual pupil diameter values measured at each object vergence are presented in Table 2 . These statistical values do not take into account the regression model yet. The mean pupil diameter decreased with increasing object vergence (F (5.290) = 72.013, p < 0.0001). A significant correlation was found between maximum pupil size and age (Pearson: R = −0.27, p = 0.047), representing a −0.23 mm reduction in distance pupil diameter per decade of life. No significant correlations were found between age and pupil proximal miosis (Spearman: R = 0.22, p = 0.090) or pupil proximal miosis and maximum pupil size (Spearman: R = −0.18, p = 0.19). Two linear mixed effects models are presented for comparison. The first model is simpler and considers the pupil size variation as function of object vergence only. This amounts to neglecting the fixed effects β 3 and β 4 of Equation (3), corresponding to the slopes of age and interaction of age and object vergenge, respectively. The second model adds these coefficients, in accordance to Equation (3). The reason for introducing this slightly more complex model is related to the well-known age dependence of the far pupil size and its statistical significance in the present study, so it would be relevant to investigate how much of the inter-individual variability would be explained by this factor. Table 3 presents the fixed effects parameter estimates (mean and standard error of the mean), the predicted variance-covariance matrix components (for random effects) and the fit statistics for the first and the second mixed models. For the first linear mixed effects model, the pupil size variation as function of object vergence includes the fixed effects described by the following equation:
where PD denotes the pupil diameter in milimeters and OV expresses the object vergence in diopters. This model is depicted in Figure 3 , on the left plot, along with the confidence levels. For the far distance pupil diameter, a 95% confidence interval of [2.74, 6.17] mm was obtained, whereas, for the pupil miosis, a [−0.53, 0.08] mm/D was obtained. Figure 3 also shows the individual residuals that were normally distributed around zero. For the second model, the pupil size as function of age and vergence includes the fixed effects described by (12) where a denotes the age in years (y). Table 4 shows the results of the comparison of the two models using the Likelihood Ratio Test (LRT). Both information criteria are presented, with a reduction of the AIC for the age dependent model, but an increase of the BIC in the latter case as a consequence of the increase of the number of model parameters (increment of degrees of freedom by 2 units). It is indicated that Models 1 and 2 are significant different (LRT = 6.022, p = 0.049). Table 3 . Estimated parameters and fit statistics for the proposed mixed effects models. The fixed effects parameter estimates are given by mean (standard error). Both models are good descriptors of the pupil size variation with the object vergence, as given by an R 2 of 0.985 in both models. The factor age and its influence on the pupil variation with vergence has a minimal effect on pupil variation model with object position.
Parameter First Model Second Model
For the range of age values obtained in the present study, the inter individual variability seems to play a much more important role in range of observed pupil size values than age variation.
Optical Performance
The previous linear mixed effects model was used to study the impact of far distance pupil diameter and pupil miosis on the retinal image quality of a pseudophakic emmetropic eye. To simulate the average, upper and lower limiting conditions, for the effect of pupil size and proximal miosis, five implementations of the LBME were constructed.
The five implementations of the eye model, which generated five pupil variation curves, were simulated using two sets of parameters: in Case 1, a constant pupil miosis defined as −0.23 mm/D and a variable distance pupil (2.74, 4.45, 6.17) mm was considered, while, in Case 2, a variable miosis (−0.53, −0.23, −0.04) mm/D was combined with a constant distance pupil of 4.45 mm. Note that for the lowest level of miosis (−0.04 mm/D) the smallest observed value was used instead of the calculated positive value, since we consider that a mydriasis, no matter how small it may be, would not make sense in this case. Figure 4 presents the area under MTF curves for the emmetropic LBME, from near (OV = −3.00 D) to far (OV = 0 D) stimulus distance, from which the AV curves can be estimated, according to Equation (10) . It can be seen that, for the mean distance pupil and mean pupil miosis conditions, the retinal image optical quality improves almost linearly from intermediate range to far distance stimuli (from approximately −2 D or −0.50 m to infinity). For larger pupils, however, the plot suggests a stronger exponential-like improvement on the far side range. Due to the non-linear relationship between the predicted VA, given by Equation (10), and the area under MTF, the above-mentioned findings can be interpreted from a different perspective. Figure 5 presents the variation of predicted visual acuity in logMAR (MAR: Minimum Angle of resolution) from near (OV = −3.00 D) to far (OV = 0 D) object distances. Figure 5a shows a reduction in visual acuity (logMAR) as the object approaches the eye. Smaller pupils yield higher retinal image quality and, therefore, better VA, with the differences increasing with the amount of defocus. For an object positioned at infinity, smaller pupils have a predicted VA of −0.1 logMAR, whereas pupils in the upper 95% CI limit have a predicted VA of 0.04 logMAR. When the object is positioned at 0.33 m (i.e., at −3.00 D), the VA reduces to 0.27 logMAR and to 0.42 logMAR for the smallest and largest pupils, respectively. This means that individuals with larger pupils require an object (a character's height) about 1.5× bigger to be able to discriminate it. In Figure 5b , the VA predictions for the effect of proximal miosis variation with a constant distance pupil size (4.45 mm) show similar levels of VA degradation. Although the pupil miosis observed ranged from −0.04 to −0.53 mm/D, it produced a minimal variation in VA (0.00 logMAR to 0.04 logMAR, for a distant object and for a near object, respectively).
The predicted VA curves allow estimating the DOF values for each distance pupil diameter model, as previously described. The minimum, mean and maximum distant pupils yield DOF estimates of 2.45 D, 1.95 D and 1.50 D, respectively.
Discussion
Pupil size is a relevant contributor to optical performance of the eye as it modulates the effect of optical aberrations and depth of field extension with influence in the visual performance of pseudophakic eyes [16] . This study assessed and modeled the pupil size of pseudophakic participants as a function of object position. Additionally, the influence of pupil size and its dynamics on the optical (visual) quality of the pseudophakic eye was determined using optical simulations. The main findings show a large inter-individual variability in the pupil size, and various rates of pupil proximal miosis, demonstrating the presence of pupil dynamics and response to proximal objects in individuals with absence of functional accommodation. The optical simulations indicate that inter-individual pupil differences account for clinical significant differences in the predicted VA. Regarding proximal miosis, inter-individual variability does not produce clinical significant variations in the predicted VA.
The pupil size recording system used provided both pupil measurements under binocular vision in natural but controlled light conditions. The average pupil size for a target distance of 3.0 m (4.45 ± 0.87 mm) compares with the pupil size of presbyopes when measured in similar viewing conditions (4.70 ± 0.85 mm) [2] . The present data also show a large inter-individual variability in pupil size spanning from approximately 3.0 mm to 6.0 mm, similar to those previously reported [2, 20] . This variability represents the individuals' response to light and the influence of various factors such as mental activity [43] and emotional state [44] , which were not controlled. However cognitive effects have a small effect on pupil size [28] . Other more important factors such as accommodation [45] , stimulus contrast [46] , luminance [20] , retinal eccentricity [47] , field size [48] and refractive error [49] were controlled in the experiment, by fixing the light flux at the cornea and using a constant illuminated field, a high contrast central stimulus and a nearly emmetropic population unable to elicite refractive changes by means of accommodation.
The average proximal miosis from 3.0 m to 0.33 m was −0.23 mm/D (range −0.53 mm/D to +0.08 mm/D). For a similar range of stimulus distances, Schafer and Weale [27] reported a slightly stronger miosis (−0.33 mm/D) in a small group of presbyopes, while Chateau et al. [2] , in a larger group, found a value of −0.50 mm/D, for object distances between 4.5 m and 0.40 m. These differences in pupil miosis may be associated to variations in the viewing conditions between the stimulus at different distances. For instance, in the Chateau et al. study [2] the stimulus luminance was controlled but the field size was determined by the size of distance and near VA charts, which may change the amount of light reaching the cornea. Almutairi et al. [24] , using more controlled light conditions, found a rate of proximal miosis of −0.24 ± 0.19 mm/D (range: −0.56 to 0.20 mm/D), similar to that found in the present study.
Age is a well-known factor influencing the pupil size [50, 51] . In the present study, significant correlation was found between maximum pupil size and age (Pearson: R = −0.27, p = 0.047), with individuals on their 50s showing an average pupil of 5.0 mm and individuals in their 80s presenting a 4.1 mm average pupil. This indicates a −0.23 mm decrease in pupil size per decade. This value is smaller than those reported in previous studies (−0.4 mm per decade) [20, 26] , but this difference may be fundamentally related to the age range differences in the different studies. The pupil-age variation in the Winn et al. (1994) study for the same age interval is −0.17 mm per decade, which is a value closer to that found in the present pseudophakic population. The relevance of age group in the pupil diameter was recently pointed out by Guillon and colleagues [49] , by reporting a smaller pupil sizes in a presbyopic population compared to pre-presbyopic subjects. In practical terms, the performance of optical components within the optical system of the eye, as is the case of the pupil, should be studied using age-matched parameters. No significant association was found between pupil miosis and age or pupil miosis and distance pupil size, indicating that in pseudophakia there was no evidence of a stronger miosis in younger individuals or individuals with larger pupil sizes, similar to observations done in phakic eyes [23, 24] .
As far as the authors are aware, the pupil variation as function of object vergence presented are the first models describing the pupil behavior with proximal objects in a pseudophakic population. Both models give a good description of the pupil size variability as function of object position (R 2 = 0.985). Introducing age and inevitably the interaction age and proximal miosis, does not improve significantly the prediction ability of the model, but accounts for the effect of age on pupil size and therefore could be used when pupil size predictions need to be made for the extreme age ranges. The linear model chosen provided a good description of the pupil size variation for the object range studied in the present study. A more complex model, for instance using a sigmoidal function, may be necessary to account for the plateaus observed in pupil dynamics for light response [28] and accommodation [45] . The lack of stimulus in distances further than 3 m and closer than 0.33 m prevented from fitting a more elaborated model. Nevertheless, the distances included in the present study resemble the most commonly studied viewing conditions in clinics and are a good approximation to real life conditions. When age was introduced in the regression mixed effects model, a slightly smaller value of −0.22 mm decrease per decade was obtained due to a small contribution of age slope imparted to interaction of age and object vergence. Optical modeling of the visual performance, expressed by the inverse area under the MTF, of pseudophakic eyes for a range of object vergences showed a nearly linear decrease in retinal image quality from far to near stimuli (see Figure 4 ). Transformation of area under the MTF to logMAR VA (MAR: minimum angle of resolution) [38] , shows a decrease in VA, similar to clinical measurements [53] . Visual acuity estimation for the average distance pupil (4.45 mm) and mean proximal miosis (−0.23 mm/D) changed from −0.03 to +0.34 logMAR when object position varied from 3.0 to 0.33 m.
This VA variation from a distant to a near object resembles those reported in pseudophakic patients implanted with spherical IOLs, however the VA predictions reported in this study tend to be better than those reported ( Table 5 ). This effect may be related to the weight of central and peripheral rays on visual function, i.e., the Stiles-Crawford effect [56] . Although the model applied in this study used pupil apodization to take into account the Stiles-Crawford effect, the weight of the myopic peripheral rays, produced by the positive spherical aberration, in creating the retinal image might have been stronger than in real eyes.
The inter-individual variability in pupil size produced variations in VA of approximately 0.15 logMAR. The magnitude of the variations is nearly twice the standard deviations normally reported in VA for pseudophakic patients when observing a distant object (Table 5) , thus suggesting that pupil size variability may be the main factor contributing to the variability in VA in a pseudophakic population while looking at a distant object. As the defocus level increases, by moving the object closer, clinical VA data show a much higher variability as can be seen by the larger confidence intervals in near VAs (approximately 0.4 logMAR). This increase in the VA variability occurs because VA in the presence of defocus is more rapidly affected by defocus in larger pupils than in smaller pupils [57] . As argued previously, the effect of the peripheral myopic rays on the retinal image might have partially compensated the near object induced vergence, improving the image quality. In a pseudophakic emmetropic eye, the effect of pupil size on VA can be estimated as a decrease of 0.04 logMAR per mm of pupil diameter increase while looking at infinity, however, when looking at a near object, this effect may be higher. The effect of proximal miosis variability on VA modeled for a fixed distance pupil size shows a much smaller effect on the optical quality and hence on VA than the effects of intra-individual pupil size. The range of proximal miosis (−0.04 to +0.53 logMAR) produced a variation in near VA of 0.04 logMAR for the closest object position. This value represents less than half a line of VA, which is below the clinical difference considered in VA measurements, indicating that accounting for the variability in proximal miosis has a minimal effect in explaining clinical variations in VA.
The authors acknowledge that using a single stimulus luminance level is a limitation of this study. Pupil behavior is mainly driven by the response of the amount of light reaching the corneal plane [28] , thus investigating the proximal miosis behavior in the presence of various light levels would have added information on how pupil miosis varies in different lighting conditions. Guillon et al. [49] reported significant interactions in pupil size measurements when these were done for different luminance levels, age ranges and refractive error. Essentially, low levels of luminance allow for more interactions between pupil size and factors influencing it due to the wider pupil diameter. Following the same assumptions, pupil miosis will probably exhibit the same behavior. The authors opted to choose the reported level of luminance, based on the following arguments: technically, it was the highest luminance level provided by the monitor, and the luminance level is close to the commonly recommended for VA measurements [58] and was used in Alarcon's study [38] to produce VA predictions, allowing us to discuss the effect of pupil inter-subject variability on VA and provide a model for pupil size description in standard clinical conditions.
The optical simulations revealed that the VA outcomes are very sensitive to the optimization method applied in the far distance condition. The optimization of the VSMTF for the far distance was intended to simulate the best spectacle refraction condition obtained for each pupil size that was targeted by the surgical process planning. However, as the far distance results reveal, this procedure tends to overestimate the VA, and the same trend can be found at intermediate and near distances.
It should be noted that optimization over clinical data is not the same as optimization over a computer simulation model, in the sense that the best possible MTF curves that can be obtained in the latter case can easily be made better that in the former case. This would lead to an overestimation of optical performance by the LBME at both near and far distances. Furthermore, the conversion of the area under the MTF curve into VA using Equation (10) are based on the correlations obtained using clinical data versus an optical bench model [38] and a variety of IOL designs, while a computer model of a pseudophakic eye with a specific spherical IOL was used in this study. It would interesting, in a future work, to compare the correlations of clinical data to an existing computer eye model, or even develop a model specially tailored for pseudophakic eye studies, thus overcoming the modeling limitations found in this work.
Conclusions
In this study, the pupil diameter of pseudophakic participants was systematically assessed for objects positioned at different distances from the eye. A model based on linear regression is presented to describe the pupil variation as a function of object position. Optical modeling demonstrates that inter-individual pupil variability is responsible for some degree of variation in the predicted VA that can help to explain some of the VA variability reported in clinical studies. These findings support the importance of pupil size measurement for the prediction of visual performance in pseudophakia, and indicate that proximal miosis variability is unlikely to be a relevant factor in explaining the variability in VA. In practical terms, the models developed can be applied in visual performance modeling for the study of intraocular lenses.
